Myocardial lactate metabolism was monitored before, during, and after a period of atrial pacing with a continuous automated sampling technic. The electrocardiogram was recorded, and left ventricular function was evaluated by relating left ventricular enddiastolic pressure to left ventricular stroke work. Seventeen of 21 patients with coronary artery disease experienced angina during pacing, and 13 of these showed lactate production by the myocardium during angina. The abnormalities in lactate metabolism developed early in the pacing period, along with S-T segment depression and impairment of left ventricular function, all of which usually occurred before the onset of pain. In the patients with angina, the mean lactate extraction was 14.1% during the control period and -15.1% during the pacing period. Abnormalities in myocardial lactate metabolism have been demonstrated with greater regularity during pacing-induced angina than during angina precipitated by exercise or isoproterenol. This investigation has demonstrated the sequences of changes in lactate metabolism during and after a period of angina and their relation to electrocardiographic and hemodynamic events.
course of anaerobic myocardial metabolism by obtaining properly timed samples. Precipitation of angina solely by increases in heart rate also makes it possible to examine left ventricular function and myocardial metabolism without the hemodynamic and metabolic changes that accompany exercise. Previous studies of myocardial metabolism during angina have been based on infrequent blood sampling and are inadequate to demonstrate the course of metabolic events during myocardial ischemia and to determine their correlation with hemodynamic and electrocardiographic changes. In an attempt to establish these relationships, we obtained frequent data concerning the metabolic state of the left ventricle before, during, and after an episode of angina precipitated by atrial pacing by utilizing a continuous automated blood sampling technic22 in association with electrocardiographic and hemodynamic observations. This investigation clearly shows in man the entire sequence of changes in lactate metabolism during and after a period of angina and its relation to electrocardiographic and hemodynamic events.
Methods
Hemodynamic investigations with subsequent selective cinecoronary arteriography and left ventriculography were performed on 23 patients with known or suspected coronary artery disease who were free of cardiomegaly, arrhythmias, and clinical evidence of cardiac failure. None of these patients was receiving digitalis or diuretics at the time of study. Eight patients had systolic blood pressure of more than 140 mm Hg although only one had blood pressure that exceeded 170 mm Hg, and only three patients had diastolic pressure greater than 90 mm Hg. None had been treated for arterial hypertension or exhibited hypertensive retinopathy greater than grade I. The patients were brought to the laboratory the day prior to study so that they would be familiar with the surroundings and the nature of the procedure. Resting ventilation was recorded, and a period of supine leg exercise was carried out on a bicycle ergometer on the day before study. This allowed us to observe the patient's response and to estimate the pacing rate that would be required to produce angina. In general, the heart rate required to produce pain with atrial pacing was 20 beats/ min greater than that coincident with the onset of pain during exercise. Three hundred milliliters of venous blood were withdrawn slowly into a bag containing acid-citrate-dextrose solution for subsequent reinfusion.
The patients were studied the following day, while they were in the fasting state, without premedication. Under local anaesthesia the right brachial artery and two or three veins were isolated in the right antecubital fossa. In 15 patients a no. 8 Goodale-Lubin catheter, modified by the incorporation of bipolar electrodes 1.5 and 3.0 cm from the tip, was introduced into the mid-position of the coronary sinus to permit pacing as well as sampling. In eight patients a standard no. 8 Goodale-Lubin catheter was utilized in the coronary sinus sampling, and a no. 6 bipolar catheter in the right atrium was used for pacing. A no. 9 double-lumen Cournand catheter was placed so that the tip lay in the pulmonary artery and the proximal lumen in the right ventricle. The tip of a no. 6 Cournand catheter was positioned in the axillary vein for blood infusion. A no. 8 Sones catheter was introduced into the left ventricle from the right brachial artery, and a small Teflon catheter was inserted through the arteriotomy into the distal part of the brachial artery for sampling. The left brachial artery was cannulated with a Teflon catheter by the Seldinger technic.
Lead II of the electrocardiogram and pressures from the pulmonary artery, right ventricle, brachial artery, and left ventricle were recorded at intervals during a 10-mim control period. The cardiac output was measured in triplicate by the dye-dilution technic using indocyanine green during the final 3 min of the control period. A 10-min period of pacing* at a constant rate for each patient and ranging from 132 to 160 beats/ min was then carried out, during which time the electrocardiogram and the blood pressure recorded at the first, fourth, sixth, and ninth minutes. The cardiac output was determined again between the fifth and eighth minutes. Total body oxygen consumption was measured, and blood was withdrawn from the brachial and pulmonary arteries and the coronary sinus for measurement of pH, Po2 and Pco2.t
The brachial arterial oxygen saturationt was also determined. Recordings of brachial arterial and left ventricular pressures were made continuously during the termination of pacing and for the first minute of recovery. In later studies, pacing was interrupted for 15 sec at 2-min intervals to detennine the effect of sudden reduction in heart *Stimulating device was a Cordis Synchrocor II. rate. The electrocardiogram and pressures were also recorded at frequent intervals during a 10mm recovery period.
The metabolic and hemodynamic studies2A 24 carried out were the same as those in the previous paper in this issue.2'5 Following the completion of the hemodynamic studies, selective cinecoronary arteriography and left ventriculography were carried out in all patients. The two patients who had normal coronary arteriograms and left ventriculograms and no hemodynamic or electrocardiographic evidence of heart disease were placed in the normal group. The remaining 21 patients had major obstructive lesions in one or more coronary vessels. The left ventriculogram showed minor local impairment of contractility in some patients, but none had evidence of ventricular aneurysm.
Results
Seventeen of 21 patients with coronary artery disease developed angina during the period of pacing. Pain appeared within 1 to 5 min in all patients and persisted usually with increasing severity until pacing was terminated. In no case was it necessary to discontinue pacing prematurely. After the cessation of pacing, pain frequently disappeared within 30 sec and was generally absent by 2 min, but in two patients pain subsided slowly over a 5 to 6-min period, and one patient had spontaneous angina during recovery. For analysis three groups of patients will be considered: (a) angina group consisting of 17 patients with coronary artery disease who developed angina with pacing, (b) non-angina group consisting of four patients with coronary artery disease who did not experience pain during pacing, (c) normal group consisting of two patients who were free of demonstrable cardiac disease.
Metabolic Results (Tables 1 and 2) Lactate Metabolism Control Period. The arterial and coronary sinus lactate concentrations were constant throughout the control period in the normal and non-angina groups. In the normal subjects, the mean arterial and coronary sinus lactate concentrations during the entire control period were 6.8 and 5.3 mg/100 ml, respectively. In the non-angina group, these values were 9.5 and 7.8 mg/100 ml. The aver-Circulation, Volume XL, July 1969 Circulation, Volume XL, July extraction for the entire angina group during the control period was 14.1%. Pacing, Period. In the normal subjects arterial and coronary sinus lactate concentrations remained relatively constant during pacing, and there was no change in myocardial lactate utilization. In the non-angina group the arterial lactate concentration was similarly unchanged during pacing ( fig. 1 ). In three patients of this group the coronary sinus lactate concentration remained unchanged during pacing although lactate production was demonstrated in the fourth patient (A.F.) during the late pacing period in association with ischemic S-T segment depression. Consequently there was a decrease in the average lactate extraction for the entire group from 21.7% during the control period to 14.2% during the last 4 min of pacing.
In the angina group there was a slight increase in the arterial lactate concentration during the pacing period from an average control value of 8.5 to 9.2 mg /100 ml during the final 4 min of pacing (fig. 2 ). The average coronary sinus lactate concentration rose progressively during pacing from a control value to 7.0 to 8.8 mg/100 ml during the first 4 min of pacing, and to 10.7 mg/100 ml during the final 4 min. The average myocardial lactate extraction for the group fell from 14.1% during the control period to -3.0% and -15.1% in the early and late pacing periods, respectively. Thirteen of the 17 patients in the angina grotup showed lactate production during pacing-induced angina. In these patients the coronary sinus lactate concentration usually rose in the first minute of pacing before the onset of pain, exceeded arterial levels shortly thereafter, and continued to rise progressively throughout the pacing period, reaching a peak value of 24.8 mg/ 100 ml in one patient (R.W.), at which time the arterial lactate concentration was 10.5 mg/100 ml (lactate extraction of -142%) ( fig. 3 ). Four of the patients with angina, however, showed normal lactate patterns in spite of pain and ischemic S-T segment depression.
Recovery Period. With cessation of pacing the elevated coronary sinus lactate concentra- tions fell in all patients who showed myocardial lactate production, and this was usually apparent in the first post-pacing sample. Two patients with angina persisting during recovery had very high coronary sinus lactate concentrations at the end of pacing which fell slowly during recovery (figs. 3 and 4) . At the end of 10 min of recovery the lactate pattern had reverted to one of lactate extraction in only four patients, and the mean lactate uptake for the group at this point was 8.1%. Of the six patients exhibiting normal lactate extraction during the control period, and who subsequently produced lactate during pacing, only three had-a return to normal lactate extraction at the end of the 10-min recovery period.
pH and Blood Gases
In the angina group, the pH of both the arterial and the coronary sinus blood increased significantly during the pacing period. However, the increase in pH of arterial blood was greater and the myocardial arteriovenous pH difference increased from 0.033 pH units during the control period to 0.064 pH units during pacing (P <0.001). The arterial and coronary sinus PCO2 decreased significantly during pacing, the veno-arterial difference increasing from 6.4 to 8.4 mm Hg (P = 0.003). The arterial Po2 and oxygen saturation increased significantly during pacing, but there was no change in coronary sinus Po2 or oxygen saturation. In the non-angina and normal groups there was no significant change in pH, PCO2, or Po2 during pacing in either arterial or coronary sinus blood.
Electrocardiographic and Hemodynamic Results
( Tables 3 and 4) S-T Segments It was not always possible to determine the The mean arterial and coronary sinus lactate concentrations and standard deviations at 2-min intervals during control, pacing, and recovery periods in the 17 patients of the angina group. Note the slight increase in arterial lactate concentration during the pacing period but the more marked and progressive increase in coronary sinus lactate concentration which falls toward control values during the recovery period. The left ventricular end-diastolic pressure (LVEDP) changes little during pacing but is elevated during periods of interruption (shown in parentheses). The S-T segments become progressively more depressed during pacing and return toward the iso-electric point during recovery period. The fall in coronary sinus lactate seen at 9 min of pacing reflects the smaller number of patients at this point. The individual patients showed a progressive rise in coronary sinus lactate until pacing was terminated.
Circulation, Volume XL, July 1969 Pattern of a patient of the angina group (R.W.). Note that lactate metabolism is abnormal during the control period although the left ventricular end-diastolic pressure and S-T segments are normal. During pacing the arterial lactate concentration increases moderately, but there is a marked increase in coronary sinus lactate concentration with lactate production evident by the end of the first minute in association with S-T segment depression before pain develops. As pacing continues, pain develops and increases in association with a progressive rise in coronary sinus lactate concentrtion and fall in the S-T segments. The left ventricular enddiastolic pressure decreases during the early pacing period but rises progressively throughout pacing and is also abnormal during the periods of intertuption. After cessation of pacing pain gradually subsides, coronary sinus lactate concentration decreases, left ventricular end-diastolic pressure falls toward normal, and the S-T segments become iso-electric. Figure 4 Another patient of the angina group (W.W.) who showed a pattern similar to that in figure 3 with lactate production and S-T segment depression occurring before pacing was begun. Abnormralities of left ventricular function during angina were demonstrated by the elevated left ventricular end-diastolic pressure during pacing and at the points of interruption.
alterations varied with the timing of the pacing impulse in the cardiac cycle, appeared immediately with the onset of pacing, and disappeared within one beat of cessation of pacing. The S-T segment depression resulting from these alterations did not however, exceed 1 mm. Consequently S-T segment depressions of more than 1 mm or those that persisted after cessation of pacing were considered abnormal.
In those patients who developed angina, the S-T segments became progressively more depressed throughout the pacing period, roughly correlating with the rise in coronary sinus lactate concentration. Likewise the fall in coronary sinus lactate concentration during Circulation, Volume XL, July 1969
Figure 5
In this patient of the angina group (G.H.), lactate metabolism appears normal during the early control period. During the period of irregular capture the coronary sinus lactate concentration increases and lactate production is evident during the early pacing period, well before the onset of pain, in association with S-T segment depression and abnormalities of left ventricular end-diastolic pressure during interruption of pacing. Angina stopped abruptly with cessation of pacing, but the metabolic and electrocardiographic abnormalities persisted. recovery and the return of the S-T segments toward normal occurred together (figs. 2 to 4). The S-T segment abnormalities preceded the onset of pain and generally persisted after the cessation of pain (figs. 4 and 5) . In the angina group the average S-T segment depression during the late portion of the pacing period was 2.1 mm and had returned to near control by the end of the recovery period.
Left Ventricular End-Diastolic Pressure
The left ventricular end-diastolic pressure was normal during the control period in all Left ventricular end-diastolic pressure during pacing in the normal and non-angina groups fell from control to 2 mm Hg and remained low throughout the pacing period. In the angina group left ventricular enddiastolic pressure fell slightly during the early pacing period but thereafter rose progressively and reached control values by the end of the pacing period. During points of interruption and in the post-pacing period the left ventricular end-diastolic pressure became nwrkedly elevated.
patients. During pacing it fell promptly to approximately 2 mm Hg in the normal and nonangina groups where it remained for the duration of pacing ( fig. 6 ). In the angina group a fall in pressure occurred in many patients during the first minute of pacing, although the average at this time was higher than that in the other groups; pressure in the anginal group continued to rise throughout pacing reaching 10 mm Hg in the late pacing period. Occasionally the pressure rose to abnormal values during pacing (fig. 4) ; the highest pressure observed during the last minute of pacing was 24 mm Hg. Upon interruption and cessation of pacing, the left ventricular end-diastolic pressure rose abruptly over two or three beats. In the normal subjects and in the non-angina group, this postpacing pressure was slightly above control but remained within normal limits. In the angina group however, the average left ventricular end-diastolic pressure in the postpacing period rose to 22 mm Hg ( fig. 6 ). This elevation persisted after pacing for a period varying from 20 sec to 6 min. When the pressure elevation persisted for more than 1 min, it was usually accompanied by continuing pain, S-T segment depression, and production of lactate. The progressive rise in left ventricular enddiastolic pressure during pacing and at the points of interruption appeared to be temporally related to the increase in coronary sinus lactate concentrations and to the magnitude of S-T segment depression.
Other Hemodynamic Data
Heart rates during the control period were similar in each group. The average pacing rates for the angina, non-angina, and normal groups were 146, 144, and 139/min, respectively. The mean cardiac index was similar in all groups during the control period and, as previously reported,9 did not change during pacing. Consequently, the stroke index fell approximately 45%, and the left ventricular stroke work index decreased approximately 40% in all groups. There was a significant increase in the tension-time index (P < 0.001) and a significant decrease in systolic ejection rate index (P < 0.001) in the angina and the non-angina groups during pacing. Similar directional changes were observed in the two normal patients. Total body oxygen consumption, similar in the control period in all groups, increased significantly during pacing-induced angina (P < 0.001).
Discussion
The present investigation demonstrates that atrial pacing is preferable to exercise for the production of angina in the study of myocardial metabolism. The absence of important hemodynamic and metabolic effects of exercise provides a stable arterial lactate concentration 
during angina. Arteriovenous differences obtained during such a steady state are a true reflection of myocardial lactate metabolism, and this is responsible for the more frequent demonstration of myocardial lactate production during angina induced by pacing than that induced by exercise.3 4 Assessment of myocardial lactate metabolism during pacing-induced angina has been previously reported by the authors4 and by Neill." The latter investigator studied 13 patients with coronary artery disease who were paced at an average rate of 105/min. Myocardial lactate production was demonstrated in four of the nine patients who experienced angina, although concomitant electrocardiographic and hemodynamic data were not reported. This lower incidence of lactate production during angina might be explained on the basis of a lower pacing rate than that employed in the present investigation.
Isoproterenol infusions have been employed in doses sufficiently small to stress the heart and precipitate myocardial anaerobiosis without obvious systemic hemodynamic and metabolic effects.13'15 This approach has been effective in inducing myocardial ischemia and lactate production in patients with coronary artery disease although attention should be drawn to the possibility that lactate uptake by the myocardial cell could be decreased by the free fatty acid mobilizing effect of isoproterenol,26 through a mechanism of preferentia] substrate utilization. 27 During atrial pacing the arterial lactate levels remained constant in the normal subjects and in the non-angina group, but there was a very small and steady rise during pacing and recovery in the angina group. This increase was minimal however, compared to that observed during exercise and may be attributed either to lactate release from the myocardium into the general circulation or to catecholamine release during angina.28'29 Angina with its attendant anxiety and catecholamine release may also account for the respiratory alkalosis and increased total oxygen consumption observed in the angina group during pacing. The increase in ventilation and oxygen Circulation, Volume XL, July 1969 consumption were, however, much less marked than those seen during exercise. The increased acidity of coronary sinus blood in relation to arterial blood during angina probably reflects the release of lactate or other acid metabolites from the myocardium. On cessation of pacing, the elevated coronary sinus lactate levels fell in an exponential manner, and this could represent a washout of accumulated myocardial lactate or diminishing lactate production as normal oxygenation was restored. It is not clear why four patients in the angina group failed to demonstrate myocardial anaerobiosis. None had isolated right coronary artery disease, and although this vessel was occluded in all of these patients, major obstructive disease was also present in the anterior descending branch of the left coronary artery. The rapid rise in coronary sinus lactate which occurred early in pacing, even before the development of angina, suggests that during hypoxia, lactate moves freely across the myocardial cell membrane as previously shown for the red cell membrane.30 In welloxygenated conditions, however, cardiac muscle is capable of taking up lactate against a concentration gradient of this metabolite3' suggesting the presence of an active transport mechanism.
The correlation of rising lactate concentrations in the coronary sinus and progressive depression of the S-T segments during pacinginduced angina and their simultaneous reversion toward normal during the recovery period suggest a metabolic origin for the "ischemic" S-T segment depression rather than hypoxia itself. This has also been suggested by experimental ischemia in animals in which S-T segment depression persists after restoration of coronary flow to or above normal levels.32 This metabolic abnormality is probably not lactic acid, as exercise is associated with even higher coronary sinus lactate levels in normal patients and in patients with coronary artery disease without angina or S-T segment depression. 4 The hemodynamic data from this study show an abnormal relationship between left P30PARKER ET AL. ventricular stroke work and left ventricular end-diastolic pressure with pacing. In normal subjects and in the non-angina group, pacing was associated with a decrease in left ventricular stroke work, and the left ventricular enddiastolic pressure declined in keeping with the Starling mechanism. When pacing was interrupted or terminated, the left ventricular filling pressures returned to normal as stroke work was suddenly increased. In the patients with angina, pacing produced a similar decline in left ventricular stroke work, but there was no fall in left ventricular end-diastolic pressure; these changes indicate that the ischemic ventricle operates on a depressed ventricular function curve. This concept is strengthened by the marked abnormalities observed in left ventricular end-diastolic pressure during interruption or after cessation of pacing when there was a striking increase in left ventricular end-diastolic pressure which averaged 22 mm Hg. This elevated filling pressure gradually returned to normal in the postpacing period, suggesting that during myocardial ischemia there is reversible left ventricular failure. 33 Pacing-induced angina is thus a unique situation in which depressed left ventricular function occurs in the presence of normal left ventricular filling pressures.
It is apparent that atrial pacing is a valuable technic not only for the study of myocardial metabolism in known cases of coronary artery disease but also for the detection of myocardial ischemia in patients with atypical clinical and electrocardiographic features with or without arteriographically demonstrable coronary artery disease.34 36 
